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Finger sealAbstract A seal device as an important component of aeroengines has decisive inﬂuence on per-
formance, reliability, and working life of aeroengines. With the development of aeroengines,
demands on the performance characteristics of seal devices are made strictly. Finger seal as a novel
kind of sealing device, recently attracts more and more attentions in academic circles and engineer-
ing ﬁelds at home and abroad. Research on ﬁnger seals has been extensively developed, especially
on leakage and wear performances under dynamic conditions. However, it is a pity that the work on
ﬁnger seals has been limited with a single approach that is improving the performance by structural
optimization; in addition, the technology of dynamic analysis on ﬁnger seals is weak. Aiming at the
problems mentioned above, a distributed mass equivalent dynamic model of ﬁnger seals considering
the coupling effect of overlaid laminates is established in the present paper, the dynamic perfor-
mance of 2.5 dimension C/C composite ﬁnger seal is analyzed with the model, and then the effects
of ﬁber bundle density and ﬁber bundle preparation direction on ﬁnger seal’s dynamic performance
are discussed, as well as compared with those of Co-based alloy ﬁnger seal. The current work is
about dynamic analysis of ﬁnger seals and application of C/C composite in this paper may have
much academic signiﬁcance and many engineering values for improving research level of ﬁnger seal
dynamics and exploring feasibility of C/C composite being used for ﬁnger seals.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
Finger seal as a kind of ﬂexible seal has the characteristics of
following running rotor compliantly and adapting shaft
drift without being damaged; moreover, it has a betterperformance–price ratio than labyrinth seal and brush seal.
Owing to the above advantages, ﬁnger seal is generally
regarded as a seal device with potential application prospects
in secondary air systems and bearing chambers in modern
aeroengines; therefore, it has attracted more and more atten-
tions and been studied recently.1–4
Leakage and wear which are two important indicators that
estimate the working performance of ﬁnger seal have been rec-
ognized as research emphasis on high-performance ﬁnger seal
design. Recent studies on ﬁnger seal are also concentrated in
the above mentioned factors consequently. Hendricks et al.5
used a numerical method to calculate the performance charac-
teristics of ﬁnger seal, and the calculation results were com-
pared with those of brush seal. Trying to solve the hysteresis
746 G. Chen et al.and leakage problems by improving structures,2 Proctor et al.1,6
proposed a ﬁnger seal structure that had pressure balance and
low hysteresis, and their following experiment work proved the
improvement effect. However, because of the pressure cavity estab-
lished between the laminate and the backboard, the structure of
ﬁnger seal became more complicated and more difﬁcult to manu-
facture; on the other hand, the risk of bypass leakage between the
laminate and the backboard was increased. Chen et al.7,8 studied
the effect of structure size on performance of ﬁnger seal in order
to provide a reference for optimizing leakage and wear perfor-
mances. Braun et al.9–11 carried on stress–strain analysis and static
leakage performance analysis of ﬂuid dynamic pressure ﬁnger seal.
Marie12 studied the effects of gas ﬁlm size and working condition
on equivalent gas ﬁlm stiffness and leakage rate using ﬂuid–solid
coupling ﬁnite element simulation. Su and Chen13 analyzed ﬁnger
seal’s hysteresis and contact performance using an equivalent
dynamic model, and put forward it was necessary to consider
the difference between ﬁnger seal’s hysteresis rates in dynamic
and static conditions when analyzing dynamic performance of ﬁn-
ger seal. Zhang14 analyzed dynamic performance of ﬁnger seal
using the ﬁnite element technique, and discussed the effects of
rotor’s unbalance mass, support bearing clearance, installation
interference, and other working parameters, and then based on
the Nash equilibrium game theory, designed a new ﬁnger seal
structure having excellent comprehensive performance. In addi-
tion, they validated the effectiveness of the optimized structure
by ﬁnger seal performance experiment.
Althoughmany scholars have studied theperformanceofﬁnger
seal and improvement technology through theory and experiment,
the research thinking is limited to the single approach that is
improving the performance of ﬁnger seal only by changing
structural shape or size, and another choice of using advanced
materials to improve performance is not yet included. Because of
the contradiction between hysteresis and wear of ﬁnger seal, it is
difﬁcult to get a perfect ﬁnger seal structure even through optimum
design. For contact ﬁnger seal which has a stricter requirement for
wear life,C/C composite couldmeet the conditiondue to its perfect
self-lubricating property, and could also be better able to improve
seal performance by structure design, which is a good method to
improve seal performance and service life of ﬁnger seal.
Based on the above-mentioned analysis, a distributed mass
equivalent dynamic model of ﬁnger seal considering the coupling
effect of the overlaid laminates is established in the present paper,
and the mechanical property of C/C composite ﬁnger seal under
dynamic conditions is analyzed with the model, and then the
effects of C/C composite structure parameters such as ﬁber bundle
density, ﬁber bundle preparation direction, and others on ﬁnger
seal’s dynamic performance are discussed, as well as compared
with those of Co-based alloy ﬁnger seal which has been studied
widely. The paper expands the dynamic performance analysis of
metal ﬁnger seal to C/C composite ﬁnger seal; meanwhile, the fea-
sibility and engineering value of C/C composite being applied to
prepare ﬁnger seal are discussed, and the work in this paper
may have certain academic and practical values.2. Analysis of ﬁnger seal’s distributed mass equivalent dynamic model
2.1. Distributed mass equivalent dynamic model of ﬁnger seal
Based on the structural composition and working condition of
ﬁnger seal, considering the interactions between the after coverplate and ﬁnger laminates as well as among ﬁnger laminates,
the mechanical behavior between the rotor and multilayer
overlay ﬁnger seal can be expressed by the distributed mass
equivalent dynamic model that is presented in Fig. 1. In
Fig. 1, mi and ki (i= 1, 2, . . ., n) are the equivalent mass
and the equivalent structural stiffness coefﬁcient of the ith ﬁn-
ger laminate, respectively; Ffi and F
0
fi are the frictional resis-
tances of the neighboring ﬁnger laminates (or the after cover
plate) on the ith ﬁnger laminate; xi is the radial displacement
of the ith ﬁnger laminate’s equivalent mass, namely the radial
displacement of the ith ﬁnger laminate. As shown in Fig. 1(a),
the ﬁnger laminates and the rotor are in the contact state, kc is
the contact stiffness coefﬁcient between the ﬁnger contact pad
and the rotor, and y is the displacement excitation of the rotor;
consequently, the system of ﬁnger seal is in forced vibration
with damp. As shown in Fig. 1(b), the ﬁnger laminates are
out of contact with the rotor, and the ﬂuid pressure appears
between the ﬁnger laminates and the rotor due to the leakage
clearance generated between them. Pi is the ﬂuid pressure act-
ing on the ith ﬁnger laminate. At the moment, the ﬁnger seal
moves with the damped forced vibration.
Corresponding to the equivalent dynamic model of ﬁnger
seal when the ﬁnger laminates and the rotor are in the contact
state, the forced vibration differential equations of ﬁnger seal
with damp are deﬁned as
m1€x1 ¼ k1x1 þ kc
n
ðy x1Þ þ F 0f1  Ff1
m2€x2 ¼ k2x2 þ kc
n
ðy x2Þ þ F 0f2  Ff2
..
.
mn1€xn1 ¼ kn1xn1 þ kc
n
ðy xn1Þ þ F 0fðn1Þ  Ffðn1Þ
mn€xn ¼ knxn þ kc
n
ðy xnÞ  Ffn
8>>>>>>><
>>>>>>>:
ð1Þ
Likely, corresponding to the equivalent dynamic model of
ﬁnger seal when the ﬁnger laminates and the rotor are in the
separate state, the damped forced vibration differential equa-
tions of ﬁnger seal are deﬁned as
m1€x1 ¼ k1x1 þ P1 þ F 0f1  Ff1
m2€x2 ¼ k2x2 þ P2 þ F 0f2  Ff2
..
.
mn1€xn1 ¼ kn1xn1 þ Pn1 þ F 0fðn1Þ  Ffðn1Þ
mn€xn ¼ knxn þ Pn  Ffn
8>>>><
>>>>:
ð2Þ
in which n is the number of ﬁnger laminates and nP 2; the
mechanical relationship between Ffi and F
0
fðiÞ is deﬁned as
Ffi ¼ F 0fði1Þ ð2 6 i 6 nÞ ð3Þ
2.2. Treatment of equivalent parameters
Before analyzing dynamic performance of ﬁnger seal with the
distributed mass equivalent dynamic model, some equivalent
parameters should be conﬁrmed based on the structure and
working condition of ﬁnger seal.
2.2.1. Equivalent mass
Every ﬁnger laminate of ﬁnger seal is equivalent to a lumped
mass by the distributed mass equivalent dynamic model, and
Fig. 1 Equivalent dynamic model of ﬁnger laminates under distributed mass.
Dynamic analysis of C/C composite ﬁnger seal 747the multilayer laminates are equivalent to a system of dis-
tributed mass. Based on the conservation principle of kinetic
energy about an equivalent system, the ﬁnger laminate’s
kinetic energy is equal to that of the equivalent mass, which
is deﬁned as
Ts þ 1
2
mf _x
2 ¼ 1
2
me _x
2 ð4Þ
where Ts is the kinetic energy of the ﬁnger beam; mf is the mass
of the ﬁnger contact pad; me is the equivalent mass; _x is the
radial velocity of the ﬁnger contact pad, namely the velocity
of the equivalent mass.
Treating the ﬁnger beam including the ﬁnger contact pad as
a cantilever beam with a lumped mass at the free end,15 then
the displacement of the ﬁnger contact pad can be equivalent
to the displacement of the lumped mass at the free end of
the cantilever beam. Based on the ﬁnger contact pad’s velocity
which is derived with elasticity theory, then the equivalent
mass can be solved with Eq. (4) and presented as
me ¼ mf þ
Z lb
0
ðqhdÞx2ðzÞdz ð5ÞTable 1 Material properties of 2.5 dimension C/C composite.
Elastic modulus (GPa) Possion ratio
Ex Ey Ez lxy lzx
47.26 25.31 48.54 0.283 0.0where lb is the length of the ﬁnger beam, q is the density of the
C/C composite, h is the width of the ﬁnger beam, and d is the
thickness of the ﬁnger laminate.2.2.2. Stiffness coefﬁcient of equivalent structure
Appling a radial load on the ﬁnger contact pad and then cal-
culating the displacement of the forced ﬁnger contact pad by
the ﬁnite element method, the ratio of radial load to displace-
ment can be conﬁrmed as the equivalent structure stiffness
coefﬁcient by Hooke law. The material properties of the C/C
composite are needed in ﬁnite element calculations, and
because its macro behaviors present to be anisotropic, namely
the material properties are different in all directions, the mate-
rial properties of the C/C composite should be calculated using
the average stiffness method.16 The calculated material proper-
ties of the 2.5 dimension C/C composite are shown in Table 1,
and the parameters correspond to the conditions where the
ﬁber bundle density is 5 stick/cm and the ﬁber bundle warp
direction is along the radial direction of the ﬁnger laminate
in the table.Shear modulus (GPa)
lzy Gxy Gzx Gyz
74 0.61 10.36 9.17 21.18
748 G. Chen et al.2.2.3. Contact stiffness coefﬁcients of ﬁnger contact pad and
shaft
Based on the approach suggested by Ref.17, building the con-
tact model of a rough surface with a rigid surface, and carrying
out contact analysis on the rough surface of micro unit using
the ﬁnite element method, the contact stiffness coefﬁcients of
the ﬁnger contact pad and the shaft can be conﬁrmed.
For the physical system of a rough surface contacting with
a rigid surface, as shown in Fig. 2(a), PN is the normal load,
the entity involving the rough surface can be transferred to a
smooth entity whose size is the same as that of the original
entity in combination with a contact interface whose thickness
is zero. The contact behavior is equivalent to the dynamic
behavior of a system that is composed of a homogeneity spring
and no interface object, as shown in Fig. 2(b). The stiffness of
the object involving the rough surface is the stiffness of the no-
interface block structure whose size is the same as that of the
original entity superposed on the contact stiffness of the rough
surface with the rigid surface, namely the stiffness of the
homogeneity spring, and then the relationship of stiffness
coefﬁcients is deﬁned as
1
kR
¼ 1
ks
þ 1
k
ð6Þ
where kR is the stiffness coefﬁcient of the object involving the
rough surface; ks is the stiffness coefﬁcient of the no-interface
block structure; k is the contact stiffness coefﬁcient between
the rough surface and the rigid surface.
The stiffness coefﬁcient of the object involving the rough
surface can be obtained by contact analysis using the ﬁnite ele-
ment method, while the stiffness coefﬁcient of the no-interfaceFig. 2 Equivalent treatment of contact interface physical system.block structure can be calculated with the compression defor-
mation mechanical formula. Subsequently, using Eq. (6), the
contact stiffness coefﬁcient between the rough surface and
the rigid surface can be calculated as
k ¼ kskR
ks  kR ð7Þ
By means of the above mentioned calculation, the contact
stiffness coefﬁcient formula of the ﬁnger contact pad and the
shaft is derived as
kc ¼ Af
Aa
k 106 ð8Þ
where Af is the contact area between the ﬁnger contact pad and
the shaft and Aa is the nominal contact area of the object
involving the rough surface.
2.2.4. Frictional resistance of ﬁnger seal system
Under the pressing of high-pressure cavity gas of the seal sys-
tem, contact pressure is produced between the after cover plate
and the ﬁnger laminate as well as among the ﬁnger laminates,
and when the ﬁnger beam moving in the radial direction, fric-
tional resistance is produced and hinders the ﬁnger beam from
moving in the radial direction.
The friction resistance between the after cover plate and the
ﬁrst layer ﬁnger laminate and the friction resistance between
the ith layer ﬁnger laminate and the (i+ 1)th layer ﬁnger lam-
inate are consistently expressed as
Ffðiþ1Þ ¼
Fsðiþ1ÞsgnðFiþ1Þ jFiþ1jP Fsðiþ1Þ; jD _xiþ1ðtÞj 6 e
Fiþ1 jFiþ1j < Fsðiþ1Þ; jD _xiþ1ðtÞj 6 e
Fdðiþ1ÞsgnðD _xiþ1ðtÞÞ others
8><
>:
ð9Þ
where e is a minimal quantity; the number of layer ﬁnger lam-
inates 0 6 i 6 n; D _xiþ1 is the velocity difference between the ith
layer ﬁnger laminate and the (i+ 1)th layer ﬁnger laminate;
while i= 0, D _x1ðtÞ is the velocity difference between the after
cover plate and the ﬁrst layer ﬁnger laminate; Fs(i+1) and
Fd(i+1) are the static friction and the dynamic friction between
the after cover plate and the ﬁrst layer ﬁnger laminate (while
i= 0), or the ith layer ﬁnger laminate and the (i+ 1)th layer
ﬁnger laminate, respectively, the calculation formulas of which
are consistently shown as
Fsðiþ1Þ ¼ fslPAlðtÞ ð10Þ
Fdðiþ1Þ ¼ fdlPAlðtÞ ð11Þ
where fsl and fdl are the static and dynamic friction coefﬁcients,
subscript l= 1 represents the location between the after cover
plate and the ﬁnger laminate, and l= 2 represents the location
among the ﬁnger laminates; Al(t) is the contact area.
Fi+1 is the resultant force on the (i+ 1)th layer ﬁnger lam-
inate except for friction resistance Ff(i+1), and its formulas
under the contact and separate states of the ﬁnger contact
pad with the rotor are respectively shown as
Fiþ1 ¼
kc
n
ðy xiþ1Þ  kiþ1xiþ1 þ Ffðiþ2Þ 1 6 i 6 n 2
kc
n
ðy xiþ1Þ  kiþ1xiþ1 i ¼ n 1
8><
>:
ð12Þ
Fig. 3 Schematic drawing of ﬁnger seal leakage gap.
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kiþ1xiþ1 þ Piþ1 þ Ffðiþ2Þ 1 6 i 6 n 2
kiþ1xiþ1 þ Piþ1 i ¼ n 1

ð13Þ
where ki is the stiffness coefﬁcient of the equivalent structure
about the ith layer ﬁnger laminate; xi is the displacement of
the ith layer ﬁnger laminate; Ff(i+2) is the friction resistance
between the (i+ 1)th layer ﬁnger laminate and the (i+ 2)th
layer ﬁnger laminate and conﬁrmed by Eq.(9). It should be
noted that Eqs. (12) and (13) are also suitable for calculating
the resultant force on the ﬁrst layer ﬁnger laminate, namely
i= 0.
Eqs. (9)–(13) are the recursive algorithm for calculating the
friction resistance between the after cover plate and the ﬁnger
laminate or among ﬁnger laminates.
2.3. Technical treatment of dynamic analysis
The rotor has periodical radial run-out because of its unbal-
anced mass, and the impact of the rotor on the ﬁnger contact
pad leads the ﬁnger beams producing periodical radial dis-
placement. The displacement excitation of the rotor is shown
as
y ¼ Dr sinðxtÞ ð14Þ
where Dr is the radial displacement amplitude of the rotor; x is
the angular velocity of the rotor; t is the time.
When the ﬁnger seal is working, the transition state of con-
tact and separate appears alternately between the ﬁnger con-
tact pad and the rotor, and the dynamic performance
analysis needs to determine the transition state in order to
solve the equivalent dynamic differential equation from a state
to another state, subsequently the whole process of ﬁnger seal
dynamic analysis is achieved.
When solving the forced vibration differential equations of
ﬁnger seal, namely Eq. (1), if the displacement of the ith layer
ﬁnger laminate is less than that of the rotor at the jth time
point, it indicates that the ith layer ﬁnger laminate and the
rotor are in the contact state; if the displacement of the ﬁnger
laminate is greater than that of the rotor at the (j+ 1)th time
point, it indicates that the ﬁnger laminate and the rotor are in
the separate state. Obviously, the ﬁnger laminate and the rotor
change from the contact to separate state between the two time
points, so the (j+ 1)th time point can be treated as the initial
time of the ith layer ﬁnger laminate separating from the rotor,
namely, the displacement and velocity of the ith ﬁnger lami-
nate can be treated as the initial conditions to solve the forced
vibration differential equations of ﬁnger seal which are shown
as Eq. (2). Lastly, the solution process is transferred from solv-
ing forced vibration differential equations (1) to forced vibra-
tion differential equations (2).
Likely, when solving the forced vibration differential equa-
tions of ﬁnger seal, namely Eq. (2), if, during the jth time point
to the (j+ 1)th time point, the displacement of the ith layer
ﬁnger laminate becomes greater than that of the rotor, it indi-
cates that the ﬁnger laminate and the rotor change from the
separate to contact state between the two time points, so
the (j+ 1)th time point can be treated as the initial time of
the ith layer ﬁnger laminate contacting the rotor, namely, the
displacement and velocity of the ith ﬁnger laminate can be
treated as the initial conditions to solve the forced vibration
differential equations of ﬁnger seal which are shown as Eq.
(1). Lastly, the solution process is transferred from solvingforced vibration differential equations (2) to forced vibration
differential equations (1).
When a clearance is generated between the ﬁnger laminates
and the rotor, therein the ﬂuid pressure acts on the ﬁnger lam-
inates. The ﬂuid pressure of the clearance between the ﬁnger
laminates and the rotor is constant, and the ﬂuid pressure act-
ing on each ﬁnger laminate is only related to the axial position
of the ﬁnger laminate and the pressure differential of the seal-
ing system. If the ﬂuid pressure is assumed to be linearly dis-
tributed along the axial direction, the ﬂuid pressure acting
on the ith ﬁnger laminate is expressed as
Pi ¼ PL þ i 1=2
n
DP ð15Þ
where PL is the ﬂuid pressure downstream from the seal and
DP is the ﬂuid pressure differential of the sealing system.
3. Dynamic performances of multilayer laminates ﬁnger seal
3.1. Leakage rate of ﬁnger seal
When the rotor is rotating steadily, the hysteresis effect of the
ﬁnger beam makes a local gap, which is approximate to a ring
along the circumferential direction and is formed between the
ﬁnger laminates and the rotor, and the gap becomes the main
leakage passage. Due to the interaction of the ﬁnger seal’s each
laminate, the leakage gap is shown schematically in Fig. 3, in
which PL and PH are the ﬂuid pressures downstream and
upstream from the seal, respectively.
Considering the structure of the ﬁnger seal having the
characteristic of cyclic symmetry along the circumferential
direction, a ﬁnger beam and its neighboring multilayer lami-
nates in the axial direction can be selected as the research
object and named ﬁnger beam element. During one motion
period of the rotor, the difference between the displacement
of the rotor and the ﬁnger beam’s response at time t is the leak-
age gap of the ﬁnger seal, and the mass of ﬂuid that passes
through the leakage gap is the leakage mass of the ﬁnger beam
element at this moment. Calculating the leakage mass of the
ﬁnger beam element during one motion cycle of the rotor,
and due to the characteristic of the ﬁnger seal structure along
the circumferential direction and the periodicity of the rotor’s
displacement, the other ﬁnger beam elements have equal leak-
age masses, and then the leakage mass of the ﬁnger seal during
one motion cycle of the rotor is subsequently the sum of the
whole ﬁnger beam elements’ leakage masses.
750 G. Chen et al.For the problem under different pressure ﬂuids passing the
seal leakage gap, the formula calculating the mass rate of the
axial ﬂow through the ring cross section is presented by
Ref.18. Based on this formula and combining with the struc-
tural parameters of the ﬁnger seal, the formula calculating
the leakage rate of the ﬁnger beam is conﬁrmed and shown as
q ¼ qa
bh3DP
12gL
ð16Þ
where qa and g are the density and dynamic viscosity of the
ﬂuid, respectively; b is the circular arc length of the ﬁnger
beam; L is seal leakage length, and for the ﬁnger seal that is
composed by multiple laminates, it is
L ¼ d1 þ d2 þ    þ dn ¼
Xn
i¼1
di ð17Þ
where di is the thickness of the ith ﬁnger laminate and n is the
total number of ﬁnger laminates.The average size of the leak-
age gap between the ﬁnger seal and the rotor, h, presented in
Eq. (16), is the average value of the leakage gap between each
ﬁnger laminate and the rotor, and then its calculation formula
is deﬁned as
h ¼ 1
T
Xf
j¼1
1
L
Xn
i¼1
ðhiðtþ jDtÞdiÞ
" #
Dt ð18Þ
where t is the time; T is the period of the rotor running; f is the
number of time steps in a rotor running period; Dt is the scale
of time step; hi(t) is the leakage gap of the ith layer laminate at
time t, and expressed as
hiðtÞ ¼ xiðtÞ  yðtÞ ð19Þ
where xi(t) is the ﬁnger beam’s response, namely the ﬁnger
beam’s displacement of the ith ﬁnger laminate at time t; y(t)
is the rotor’s displacement at time t, as an excitation.
According to the whole ﬁnger seal structural composition,
the leakage rate of the ﬁnger seal is obtained and shown as
Q ¼ nlq ¼ qa
pDr h3DP
12gL
ð20Þ
where nl is the number of ﬁnger beams and Dr is the diameter
of the rotor.Table 2 Structural and operating parameters of 2.5 dim
Project Parameters
Structural parameters Diameter of roto
Out diameter of ﬁ
Root diameter of
Radius of ﬁnger
Arc center forma
Number of ﬁnger
Height of ﬁnger c
Thickness of ﬁng
Clearance angle (
Number of ﬁnger
Operating parameters Rotational speed
Gas pressure of h
Gas pressure of l
Radial run-out o3.2. Contact pressure of ﬁnger laminates and rotor
The radial displacement of the rotor leads the ﬁnger laminates
to contact with the rotor and then a contact pressure is pro-
duced. At time t, the contact pressure is the ratio of the contact
force to the contact area between the ith layer ﬁnger laminate
and the rotor, and the calculation formula is expressed as
piðtÞ ¼
FiðtÞ
Ai
ð21Þ
where Ai is the contact area between the ith layer ﬁnger lami-
nate and the rotor; Fi(t) is the contact force between the ith
layer ﬁnger laminate and the rotor, and is calculated as
FiðtÞ ¼
kixiðtÞ þ Ffi  F 0fi 1 6 i 6 n 1
kixiðtÞ þ Ffi i ¼ n

ð22Þ
During one motion period of the rotor, the average contact
pressure between the ith layer ﬁnger laminate and the rotor is
deﬁned as
Pi ¼ 1
T
Xf
j¼1
piðtþ jDtÞDt ¼
1
f
Xf
j¼1
Fiðtþ jDtÞ
Ai
ð23Þ4. Results and discussion
Using the distribution mass equivalent dynamic model, the
dynamic performance of 2.5 dimension C–C composite ﬁnger
seal, which has three layers of overlaid laminates of circular
arc type, is studied, then the effects of material structural
parameters, such as ﬁber bundle density and ﬁber bundle prep-
aration direction, on leakage and contact pressure of the ﬁnger
seal are discussed, and lastly, the results of dynamic perfor-
mance are compared with those of Co-based alloy ﬁnger seal.
4.1. Dynamic performance of 2.5 dimension C/C composite
ﬁnger seal
The structural and operating parameters of 2.5 dimension C/C
composite ﬁnger seal are shown in Table 2, and its material
properties are shown in Table 1. According to the friction
experiment of C/C composite, conducted in Ref.19, the frictionension C/C composite ﬁnger seal.
Value
r (mm) 215.9
nger laminate (mm) 245.5
ﬁnger beam (mm) 232.9
beam arc (mm) 114
tion circle diameter (mm) 80
beams 60
ontact pad (mm) 1
er laminate (mm) 0.2
) 0.25
laminates 3
of rotor (r/min) 9000
igh pressure chamber (MPa) 0.4
ow pressure chamber (MPa) 0.1
f rotor (mm) 0.03
Fig. 4 Displacement responses of ﬁnger laminates.
Fig. 5 Leakage gap of ﬁnger seal.
Fig. 6 Contact pressure between ﬁnger laminates and rotor.
Dynamic analysis of C/C composite ﬁnger seal 751coefﬁcient between one C/C composite ﬁnger laminate and the
Co-based alloy after cover is 0.12, and the friction coefﬁcient
between C/C composite ﬁnger laminates is 0.13.
According to the structural parameters, operating parame-
ters, and material properties of ﬁnger seal presented in Tables
1 and 2, the equivalent mass of the distribution mass equiva-
lent dynamic model is calculated as 1.0682 · 105 kg, the
equivalent structure stiffness is 22636.1624 N/m, and the con-
tact stiffness coefﬁcient between the ﬁnger laminate pad and
the rotor is 645491.0921 N/m. Solving the corresponding
equivalent dynamic differential equation through the numeri-
cal method, the displacement response of each layer laminate
can be obtained, and then the dynamic performance of C/C
composite ﬁnger seal is also subsequently conﬁrmed. In the
analysis, the displacement excitation of the rotor is
y ¼ 0:03 sinð300ptÞ ð24Þ
The displacement response curve of 2.5 dimension C/C
composite ﬁnger seal with three layers of overlaid laminates
is calculated by the distribution mass equivalent dynamic
model and shown in Fig. 4. It is shown that, although under
the effect of the rotor displacement excitation that follows sine
function, the displacement response of ﬁnger seal does not
obey the same function. During the latter half period of rotor
running, namely, the rotor is running to reset, because of the
different frictions between the after cover and the ﬁnger lami-
nates or among the ﬁnger laminates, the displacement
responses of different ﬁnger laminates are various, namely,
the hysteresis ranges are different, and the hysteresis of the
downstream ﬁnger laminate is maximal, while the upstream
ﬁnger laminate has a better following characteristic. The leak-
age gap between the ﬁnger laminates and the rotor is shown in
Fig. 5. During the ﬁrst half period of rotor running, the radial
run-out of the rotor pushes the ﬁnger laminates to have radial
displacements, each ﬁnger laminate contacts with the rotor one
by one, and the leakage gap becomes zero gradually. During
the latter half period of rotor running, because of the hysteresis
effect, when the ﬁnger laminates separate from the rotor, the
leakage gap is formed, and the maximal leakage gap appears
when the displacement amplitude of the rotor is maximal.
The different leakage gaps between different layer ﬁnger lam-
inates and the rotor reﬂect that different layer ﬁnger laminates
bear different frictions during the ﬁnger beam going back to
reset, which means that the hysteresis effect of the downstream
ﬁnger laminate is greater due to its contact and friction resis-
tance with the after cover, leading to the downstream ﬁnger
laminate separating from the rotor ﬁrstly and forming the
maximal leakage gap. After the downstream ﬁnger laminate
stays on because of the hysteresis effect, the middle and
upstream ﬁnger laminates are staying on gradually, and then
the ﬁnger laminates and the rotor are in the form of various
leakage gaps.
The contact pressure between each ﬁnger laminate and the
rotor is changing during the period of rotor running as shown
in Fig. 6. During the ﬁrst half period of rotor running, the run-
out of the rotor makes the ﬁnger beam deformed, and the phe-
nomenon that the contact pressure between each ﬁnger lami-
nate and the rotor increases from zero to a maximal value
and then decreases to zero again is appearing. In addition,
the maximal contact pressure corresponds to the maximal
positive displacement of the rotor. During the latter half per-
iod of rotor running, the ﬁnger laminates separate from therotor gradually due to the hysteresis effect, and the contact
pressure also becomes zero gradually. As shown in Fig. 6,
the contact pressure between the downstream ﬁnger laminate
and the rotor is maximum, the reason for which is that the
downstream ﬁnger laminate and the after cover have higher
friction resistance, and the rotor needs to overcome the higher
friction resistance with greater force, so the contact pressure
between the downstream ﬁnger laminate and the rotor is
higher. The hysteresis effects of the middle and upstream ﬁnger
Table 4 Average contact pressure of 2.5 dimension C/C
composite ﬁnger seal.
Calculation time
points (ms)
Finger beam/rotor contact pressure (MPa)
Downstream Middle Upstream
13.7 0 0 0.10024
14.0 0 0.08146 0.21156
14.3 0.28780 0.30688 0.35519
14.7 0.53307 0.44683 0.47028
15.0 0.55000 0.44005 0.43236
15.3 0.42015 0.30102 0.31158
15.7 0.10233 0.05524 0.22239
16.0 0 0 0.000527
16.3 0 0 0
16.7 0 0 0
17.0 0 0 0
17.3 0 0 0
17.7 0 0 0
18.0 0 0 0
18.3 0 0 0
18.7 0 0 0
19.0 0 0 0
19.3 0 0 0
19.7 0 0 0
20.0 0 0 0
Table 3 Leakage calculation of 2.5 dimension C/C composite
ﬁnger seal.
Calculation time
points (ms)
Finger laminate leakage gap (mm)
Downstream h1 Middle h2 Upstream h3
13.7 0.01216 0.00430 0
14.0 0.00404 0.00074 0
14.3 0 0 0
14.7 0 0 0
15.0 0 0 0
15.3 0 0 0
15.7 0 0 0
16.0 0.00480 0.00210 0
16.3 0.01137 0.00566 0
16.7 0.01873 0.01035 0.00375
17.0 0.02664 0.01683 0.00959
17.3 0.03515 0.02533 0.01811
17.7 0.04241 0.03260 0.02539
18.0 0.04778 0.03796 0.03077
18.3 0.05075 0.04093 0.03375
18.7 0.05107 0.04124 0.03408
19.0 0.04870 0.03886 0.03172
19.3 0.04385 0.03401 0.02688
19.7 0.03695 0.02711 0.01999
20.0 0.02864 0.01879 0.01169
752 G. Chen et al.laminates are smaller. While the rotor is running, it contacts
the upstream and middle ﬁnger laminates gradually, and when
it is resetting, it separates from the middle and upstream ﬁnger
laminates gradually, so the contact times of the middle and
upstream ﬁnger laminates are longer, namely, the range of
contact pressure is wider.
Setting 20 calculation time points in one period of rotor
running, the leakage gap of the ith layer ﬁnger laminate can
be calculated at each time point based on the dynamic
displacements of the ﬁnger laminates and the rotor, and the
average leakage gap of the ﬁnger beam is calculated by
Eq. (18), and lastly, the leakage rates of the ﬁnger beam and
the ﬁnger seal are obtained respectively. The average leakage
gap h is 0.01689 mm, the leakage of the ﬁnger beam q is
1.49003 · 104 kg/s, the ﬁnger seal leakage Q is 0.00779 kg/s,
and the other results are shown in Table 3. Meanwhile, the
contact force between the ith layer ﬁnger laminate and the
rotor at each time point and the average contact pressure
between the ith layer ﬁnger laminate and the rotor is gotten
in one period of rotor running. The average contact pressures
of the downstream, middle, and upstream ﬁnger laminates are
0.0946, 0.08157, and 0.1052 MPa, respectively, and the other
results are shown in Table 4. Table 4 illustrates that the aver-
age contact pressure of the upstream ﬁnger laminate is maxi-
mum, the reason for which is that the contact time of the
upstream ﬁnger laminate with the rotor is longer than those
of the downstream and middle ﬁnger laminates.
4.2. Material structural parameters effects on performance of
2.5 dimension C/C composite ﬁnger seal
Table 5 shows the mechanical properties of 2.5 dimension C/C
composite corresponding to different ﬁber bundle densities and
ﬁber bundle preparation directions. The ﬁber bundle density
means the numbers of warp yarns and weft yarns of 2.5 dimen-
sion C/C composite in unit length, and in present work, the
density of the warp yarns is 8 stick/cm constantly, so the change
of the ﬁber bundle density only refers to the density of the weft
yarns. In analysis, three kinds of ﬁber bundle preparation direc-
tions are considered: preparation direction No. 1 is the main
direction of warp yarns material being consistent with the
radial direction of the ﬁnger seal (y direction) and the main
direction of weft yarns material being consistent with the cir-
cumferential direction of the ﬁnger seal (x direction) while the
material direction on the plane which is vertical to the main
direction of warp yarns and weft yarns being consistent with
the thickness direction of the ﬁnger seal (z direction); prepara-
tion direction No. 2 is the main direction of weft yarns material
being consistent with the radial direction of the ﬁnger seal andTable 5 Mechanical properties of 2.5 dimension C/C composite.
Condition Elastic modulus
Ex Ey
Fiber bundle density qt = 3 stick/cm 35.24 30.02
qt = 5 stick/cm 47.26 25.31
qt = 7 stick/cm 58.03 25.36
Fiber bundle preparation direction No. 1 47.26 25.31
No. 2 25.31 47.26
No. 3 25.31 48.54(GPa) Poisson ratio Shear modulus (GPa)
Ez lxy lzx lzy Gxy Gzx Gyz
28.56 0.148 0.142 0.192 8.36 8.54 22.84
48.54 0.283 0.074 0.610 10.36 9.17 21.18
62.42 0.332 0.068 0.565 12.03 9.72 18.01
48.54 0.283 0.074 0.610 10.36 9.17 21.18
48.54 0.283 0.610 0.074 10.36 21.18 9.17
47.26 0.610 0.283 0.074 21.18 10.36 9.17
Table 6 Equivalent parameters of 2.5 dimension C/C composite.
Condition Equivalent mass
(105kg)
Equivalent structure
stiﬀness coeﬃcient (N/m)
Finger root/rotor contact
stiﬀness coeﬃcient (N/m)
Fiber bundle density qt = 3 stick/cm 1.0682 15006.6855 427391.0769
qt = 5 stick/cm 1.0682 22636.1624 645491.0921
qt = 7 stick/cm 1.0682 25916.9701 740434.6842
Fiber bundle preparation direction No. 1 1.0682 22636.1624 645491.0921
No. 2 1.0682 12221.1020 353098.6909
No. 3 1.0682 12933.1497 372898.3364
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the circumferential direction of the ﬁnger seal (x direction)
while the material direction on the plane which is vertical to
the main direction of warp yarns and weft yarns being consis-
tent with the thickness direction of the ﬁnger seal (z direction);
preparation direction No. 3 is the material direction on the
plane which is vertical to the main direction of warp yarns
and weft yarns being consistent with the radial direction of
the ﬁnger seal and the main direction of warp yarns material
being consistent with the circumferential direction of the ﬁnger
seal while the main direction of weft yarns material being con-
sistent with the thickness direction of the ﬁnger seal. In Table 5,
the preparation direction of the ﬁber bundle is No. 1 and the
density of the weft yarns is 5 stick/cm.
Table 6 shows the equivalent mass, equivalent structure
stiffness coefﬁcient, and contact stiffness coefﬁcient between
the ﬁnger contact pad and the rotor.
Fig. 7 shows the ﬁber bundle density of weft yarns affecting
the displacement responses of ﬁnger laminates in one period of
rotor running. Obviously, the resilience displacements of ﬁnger
laminates increase with increasing ﬁber bundle density of weft
yarns, and the reason is that higher density of ﬁber bundle
makes material ﬁber content increase and the whole perfor-
mance of the composite is strengthened,20 and then the struc-
tural stiffness of the ﬁnger seal is increased consequently,
while the hysteresis effect of the ﬁnger seal is decreased. The
effects of the weft yarns density on the leakage gap and the
contact pressure in one period of rotor running are shown in
Figs. 8 and 9, respectively. With increasing weft yarns density,Fig. 8 Effect of ﬁber bundle density on leakage gap.
Fig. 7 Effect of weft yarns density on displacement responses of
ﬁnger laminates.
Fig. 10 Effects of ﬁber bundle density on leakage and average
contact pressure.
Fig. 11 Effect of ﬁber bundle preparation direction on displace-
ment response.
Fig. 9 Effect of ﬁber bundle density on contact pressure.
754 G. Chen et al.the leakage gap is decreased but the contact pressure is
increased, and considering the positive correlation between
the ﬁber bundle density and the ﬁnger seal structural stiffness,
the above results can be explained easily.
The effects of the weft yarns density on the leakage rate and
the average contact pressure are shown in Fig. 10. Being
deserved extra attention, when increasing to certain values,
the effects of the weft yarns density on the leakage rate and
the average contact pressure become weak gradually, which
indicates that there truly exists a reasonable ﬁber bundle den-
sity with which the leakage rate and the contact pressure
appear better balanced.Fig. 11 shows the effect of the ﬁber bundle preparation direc-
tion on the displacement responses of ﬁnger laminates in one
period of rotor running. The hysteresis degree of ﬁnger laminates
which are made using ﬁber bundle preparation direction No. 1 is
minimal, while the resilience displacement is maximal; and on
the contrary, using ﬁber bundle preparation direction No. 2,
the hysteresis degree is maximal while the resilience displacement
is minimal. The reason is that the structure bended degree of the
circular arc ﬁnger seal is larger, and for the ﬁnger seal which is
made using ﬁber bundle preparation direction No. 1, the weft
yarns ﬁber whose main direction is close to the ﬁnger seal bend-
ing direction undertakes the function of resisting deformation of
the ﬁnger seal, namely, the weft yarns are the bearing bended
ﬁber bundles. Due to their braiding pattern which makes the
elastic modulus become larger along their main direction, their
structural stiffness which attributes to resist deformation
becomes larger, and as a consequence, the hysteresis degree of
the ﬁnger seal is minimal. For the ﬁnger seal which is made using
ﬁber bundle preparation direction No. 2, the warp yarns are the
bearing bended ﬁber bundles and their main direction is close to
Dynamic analysis of C/C composite ﬁnger seal 755the ﬁnger seal bending direction. Due to their sine braiding pat-
tern which makes the elastic modulus small along their main
direction, their structural stiffness is small too, and the hysteresis
degree of the ﬁnger seal is maximal.
The effects of the ﬁber bundle preparation direction on the
leakage gap and the contact pressure in one period of rotor
running are shown in Figs. 12 and 13, respectively. The ﬁnger
laminates which are made using ﬁber bundle preparation direc-
tion No. 1 have the minimal leakage gap and the maximal con-
tact pressure; compared to ﬁber bundle preparation direction
No. 3, the ﬁnger laminates which are made using ﬁber bundleFig. 12 Effect of ﬁber bundle preparation direction on leakage gap.preparation direction No. 2 have a slightly larger leakage gap
and a smaller contact pressure.
The effects of the ﬁber bundle preparation direction on the
leakage rate and the average contact pressure are shown in
Fig. 14. Based on the difference of ﬁber bundle preparation
directions, the leakage rates of the ﬁnger seal vary inversely
from the average contact pressure of the ﬁnger laminates.Fig. 13 Effect of bundle preparation direction on contact pressure.
Fig. 14 Effects of ﬁber bundle preparation direction on leakage
rate and average contact pressure.
Fig. 15 Displacement responses of ﬁnger seals made of two
kinds of materials.
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C/C composite material
The dynamic performances of Co-based alloy ﬁnger seal and
2.5 dimension C/C composite ﬁnger seal are studied respec-
tively using the distribution mass equivalent dynamic model,
the inﬂuence difference between the above two kinds of mate-
rials on dynamic performance of ﬁnger seal is mainly dis-
cussed, and the feasibility and engineering value of C/C
composite being applied to ﬁnger seal are made clear.
The ﬁnger seal with three layers of overlaid ﬁnger laminates
is treated as the analytical object. The mechanical properties of
2.5 dimension C/C composite are shown in Table 1, and the
structural and operating parameters of the ﬁnger seal are
shown in Table 2. The elastic modulus, Poisson ratio, and
density of Co-based alloy material are 231 GPa, 0.286, and
9130 kg/m3, respectively; the static and dynamic friction coef-
ﬁcients between ﬁnger laminates and the after cover or among
ﬁnger laminates are 0.2 and 0.15, respectively. The calculated
equivalent parameters based on the above conditions are
shown in Table 7.
Fig. 15 shows the displacement responses of ﬁnger seals
made of Co-based alloy and 2.5 dimension C/C composite
in one period of rotor running. It can be seen from the ﬁg-
ure that, when ﬁnger laminates separate from the rotor, the
resilience displacement of each ﬁnger laminate made by Co-
based alloy is larger. Although the friction coefﬁcient of Co-
based alloy is larger than that of 2.5 dimension C/C com-
posite and the resilience of ﬁnger laminates consumes more
energy, due to the structural stiffness of the ﬁnger seal made
by Co-based alloy being larger than that by C/C composite,Table 7 Equivalent parameters of ﬁnger seals made of two kinds o
Material Equivalent mass
(105 kg)
Equiva
stiﬀnes
Co-based alloy 5.3588 108701
C/C composite 1.0682 22636therefore, the former could provide more rebound force to
make the displacement response larger. While it should be
paid attention to that the difference of the upstream ﬁnger
laminate resilience displacement response is little between
the two kinds of materials, this maybe lead to the difference
of leakage between the ﬁnger seals made of the two kinds of
materials is not obvious; on the other hand, it should be
especially recognized that the ﬁnger seal is made up by doz-
ens of ﬁnger laminates, which contributes to decrease the
leakage degree of the C/C composite ﬁnger seal, and as a
result, the performance of C/C composite is similar to that
of Co-based alloy ﬁnger seal.
The leakage gaps and contact pressures of the ﬁnger seals
made of the two kinds of materials in one period of rotor run-
ning are shown in Figs. 16 and 17, respectively. Corresponding
to the Fig. 15, the leakage gap of 2.5 dimension C/C composite
ﬁnger seal is larger than that of Co-based alloy ﬁnger seal. It is
encouraging that the contact pressure of 2.5 dimension C/C
composite ﬁnger seal is lower than that of Co-based alloy ﬁnger
seal, on one side, that beneﬁts from the lower structural stiffness
of the C/C composite ﬁnger seal, and on the other side, that is
related to the smaller friction coefﬁcient. C/C composite ﬁnger
seal has lower contact pressure, which will slow down the degree
of wear and be contributed to extend working life of ﬁnger seal.
The leakage rates and average contact pressures of the ﬁn-
ger seals made of the two kinds of materials are calculated and
shown in Table 8. It could be found that the leakage rate of 2.5
dimension C/C composite is greater, but its average contact
pressure is smaller. The fact is contributed to widen the chosen
space of C/C composite material being applied to produce ﬁn-
ger seal.f materials.
lent structure
s coeﬃcient (N/m)
Finger contact pad/rotor contact
stiﬀness coeﬃcient (N/m)
.4220 3113154.4976
.1624 645491.0921
Fig. 17 Contact pressures of ﬁnger seals made of two kinds of
materials.
Fig. 16 Leakage gaps of ﬁnger seals made of two kinds of
materials.
Table 8 Leakage rates and average contact pressures of ﬁnger seals made of two kinds of materials.
Material Leakage rate (kg/s) Average contact pressure of ﬁnger beam (MPa)
Downstream Middle Upstream
Co-based alloy 0.00288 0.4752 0.30380 0.3642
C/C composite 0.00779 0.0946 0.08157 0.1052
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(1) The dynamic performance analysis of 2.5 dimension C/C
composite ﬁnger seal indicates that, because of the differ-
ence of friction effects between the after cover and ﬁnger
laminates or among the ﬁnger laminates, the leakage gap
and contact pressure between each laminate and the rotor
are also different. The leakage gap of the downstream ﬁn-
ger laminate is maximal, while the upstream ﬁnger lami-
nate has a better following characteristic and its leakage
gap is minimal; the contact pressure between the down-
stream ﬁnger laminate and the rotor is maximal, while
the contact time between the upstream ﬁnger laminate
and the rotor is longer, so the average contact pressure
of the upstream ﬁnger laminate is maximal.
(2) The effect analysis of material structural parameters
indicates that the leakage rate of the ﬁnger seal is
decreased but the average contact pressure of each ﬁnger
laminate is increased with increasing weft yarns ﬁber
bundle density. Under the ﬁber bundle preparation
direction of the warp yarns main direction being consis-
tent with the radial direction of the ﬁnger seal, the leak-
age rate of the ﬁnger seal is minimal, and the average
contact pressure is maximal; under the ﬁber bundle
preparation direction of the weft yarns main direction
being consistent with the radial direction of the ﬁnger
seal, the leakage rate of the ﬁnger seal is maximal, and
the average contact pressure is minimal.
(3) The comparison analysis of ﬁnger seal dynamic perfor-
mances between 2.5 dimension C/C composite and Co-
based alloy indicates that, because of the structural stiff-
ness being greater, the leakage rate of Co-based alloy
ﬁnger seal is smaller than that of 2.5 dimension C/C
composite ﬁnger seal, but its contact pressure is greater
obviously. In engineering practices, the structural stiff-
ness of C/C composite ﬁnger seal can be improved
through a reasonable structural design, and then the
leakage can be decreased. Considering the lightness
and self-lubrication of C/C composite, in addition to
the lower wear characteristic, the design of C/C compos-
ite used for ﬁnger seal is full of engineering values.Acknowledgements
The study was supported by the National Natural Science
Foundation of China (No. 50575182) and the Natural Science
Foundation of Shaanxi Province of China (2014JM7266).
References
1. Proctor MP, Arun K, Delgado IR. High-speed, high-temperature
ﬁnger seal test result. J Propuls Power 2004;20(2):312–8.
2. Arora GK, Proctor MP, Steinetz BM, Delgado IR. Pressure
balanced, low hysteresis, ﬁnger seal test results. Reston: AIAA;
1999. Report No.: AIAA-1999-2686.
3. Delgado IR, Proctor MP. Continued investigation of leakage and
power loss test results for competing turbine engine seals. Reston:
AIAA; 2006. Report No.: AIAA-2006-4754.
4. Proctor MP, Delgado IR. Preliminary test results of a non-
contacting ﬁnger seal on a herringbone-grooved rotor. Reston:
AIAA; 2008. Report No.: AIAA-2008-4506.
5. Hendricks RC, Bern OH, Arora GK. Advances in contacting
sealing. Washington D.C.: NASA; Report No.: NASA-1994-3282.6. Proctor MP, Delgado IR. Leakage and power loss test results for
competing turbine engine seals. In: ASME Turbo Expo 2004 Power
for Land, Sea, and Air; 2004.
7. Chen GD, Xu H, Yu L, Xiao YX, Zhou LJ. On selecting proper
shape of ﬁnger seal. J Northwest Polytech Univ 2002;20(2):218–21
[Chinese].
8. Chen GD, Xu H, Yu L, Su H. Analysis to the hysteresis of ﬁnger
seal. Chin J Mech Eng 2003;39(5):121–4 [Chinese].
9. Braun MJ, Pierson HM, Deng DF, Choy FK, Proctor MP,
Steinetz BM. Structure and dynamic consideration towards the
design of padded ﬁnger seal. Reston: AIAA; 1999. Report No.:
AIAA-2003-4698.
10. Braun MJ, Pierso HM, Kudriavtsev VV. Finger seal solid
modeling design and some solid/ﬂuid interaction considerations.
Tribology Transactions 2003;46(4):566–75.
11. Braun MJ, Kudriavtsev VV, Steinetz BM, Proctor MP. Two and
three dimensional numerical experiments representing two limiting
cases of an in-line pair of ﬁnger seal components. In: 9th
International Symposium on Transport Phenomena and Dynamics
of Rotating, Machinery; 2002.
12. Marie H. Dynamic simulation of ﬁnger seal-rotor interaction
using variable dynamic coefﬁcients. Reston: AIAA; 1999. Report
No.: AIAA-2006-493.
13. Su H, Chen GD. Dynamic behavior analysis of ﬁnger seal based
on equivalent dynamic model. Chin J Mech Eng 2010;23(5):590–9
[Chinese].
14. Zhang YC. Performance analysis and optimization research of
ﬁnger seal [dissertation]. Xi’an: Northwestern Polytechnical Uni-
versity; 2009.
15. Hazel M. A study of non-contacting passive-adaptive turbine
ﬁnger seal performance [dissertation]. Akron: The University of
Akron; 2005.
16. Samer N, Ali H, Farouk F. Numerical/analytical methods to
evaluate the mechanical behavior of interlock composites. J
Compost Mater 2011;45(16):1699–716.
17. Liu H, Liu Y, Wang WM. New equivalent method for normal
stiffness of contact interface. J Mech Eng 2011;47(17):37–43
[Chinese].
18. Lin JS. The manual of aviation manufacturing engineering. Bei-
jing: Press of Aviation Industry; 1996. p. 213 [Chinese].
19. Ge YC, Yi MZ. Inﬂuence of load, time, speed on sliding tribology
behavior of C/C composites. Chin J Nonferr Met 2006;16(2):241–6
[Chinese].
20. Zhou XG, You Y, Zhang CR, Huang BY, Liu XY. Fiber fabric
3D simulation and inﬂuence on properties of C/SiC composites. J
Cent South Univ 2007;38(2):200–5 [Chinese].
Chen Guoding is a professor at Northwestern Polytechnical University.
He received his B.S., M.S., and Ph.D. degrees from the Department of
Mechanical Engineering at Xi’an Jiaotong University in 1982, 1984,
and 1988, respectively. His main research interests include tribology
and mechanical design.
Wang Li’na is a Ph.D. candidate in the School of Mechanical Engi-
neering at Northwestern Polytechnical University. Her main research
interests include sealing and lubricating technology.
Yu Qiangpeng received his M.S. degree from Northwestern Polytech-
nical University in 2013, and now is a designer at AVIC Commercial
Aircraft Engine Co., Ltd. His main research interest is lubrication
system of aircraft engine.
Su Hua is an associate professor at Northwestern Polytechnical Uni-
versity. She received her Ph.D. degree from Northwestern Polytech-
nical University in 2007. Her research interests include tribology and
mechanical dynamics, sealing and lubricating technology.
